Summary.
Lymphocytes in the bone marrow were qualitatively and quantitatively examined by electron microscopy in dd-mice of both sexes at various ages.
In males, marrow lymphocytes represented 4% of all the nucleated blood cells in the marrow at 4 days of age, 14% at 20 days and 21% at 35 days.
From 60 days to one year of age they remained about 8%. In females, marrow lymphocytes were almost similar in proportion to those in males in early life until 35 days, and the proportion of lymphocytes, unlike that in males, remained almost unchanged thereafter until one year of age. Thus marrow lymphocytes were significantly greater in proportion in females than in males after puberty.
The marrow lymphocytes were mainly small lymphocytes. The marrow small lymphocytes could be classified, by ultrastructural features, into two types: dark and light small lymphocytes.
Dark small lymphocytes constituted about 90% of all the marrow small lymphocytes in early life in both sexes, but they then underwent a decrease especially in males.
Light small lymphocytes were few in early life, but they increased with age in both sexes.
The two types of small lymphocytes were discussed in relation to the lymphocyte subpopulations which have been generally accepted.
It has recently been confirmed that the bone marrow produces lymphocytes as well as myeloid elements and that the lymphocytes produced are seeded into peripheral lymphatic tissues as B-lymphocytes (OSMOND and EVERETT, 1964; EVERETT and CAFFREY, 1967; BRAHIM and OSMOND, 1970, 1973; ROSSE, 1971 ROSSE, , 1976 GREAVIS et al., 1973) and also that the marrow provides the thymus with precursor cells for thymic lymphocytes (GOLDSTEIN and MACKAY, 1969) . About the morphology of marrow lymphocytes, however, little detailed information has been available in the literature. This study was undertaken qualitatively and quantitatively to examine lymphocytes in the mouse marrow by electron microscopy.
Materials and Methods
Eighty-nine normal dd-mice of both sexes were used at 4, 20, 35, 60, 90, 150 days and one year of age. All the mice were maintained on standard pellets (NMF, Oriental Enz. Co., Japan) and water ad libitum under constant environmental conditions. At each age more than five mice were used of each sex. After the animals were killed with chloroform overdose, the femurs were rapidly removed, cleaned of the surrounding tissues and cut lengthwise with razor blades to expose the marrow. Then, pieces of the bone with the exposed marrow were placed in 5% formalin in Erythroid and granuloid cells are generally distributed singly or in small groups, and lymphocytes are scattered diffusely throughout the marrow (Fig. 2) . Neither lymphoid nodules nor germinal centers are observed in the mouse marrow.
Marrow lymphocytes are As the numbers of counting points lying on the nucleus are almost equal in both dark and light small lymphocytes, the difference of the nucleus: cell ratio between dark and light small lymphocytes indicates that the cytoplasm is significantly more abundant in light lymphocytes than in dark ones.
Larger marrow lymphocytes
Larger lymphocytes number only about 3% of marrow lymphocytes. The nucleus is usually rounded in out-
The nuclear chromatin is not so dense as that of small lymphocytes. The cytoplasm appears relatively dark and Fig. 4 . A larger lymphocyte. The nucleus with dispersed chromatin is larger than that of a small lymphocyte and the relatively abun-is packed with abundant ribosomes (Fig. 4) . Ribosomes occur not only as monoribosomes but also as polyribosomes.
Other organelles, such as the Golgi apparatus, mitochondria and endoplasmic reticulum, are poorly developed.
B. Quantitative Observations
Frequency of lymphocytes
The nucleated hemopoietic cells in the marrow are classified into five groups: erythroid, granuloid, megakaryocytes, plasma cells and lymphocytes.
The proportions of each group of the nucleated cells in both sexes at various ages until one year are presented in Figures 5 and 6 . In males, as seen in Figure 5 , lymphocytes represent 4.20 of all the nucleated hemopoietic cells at 4 days and 14.4% at 20 days. The percentage attains its maximum (21.4%) at 35 days, but it is decreased to 8.2% at 60 days. Lymphocytes remain almost unchanged thereafter.
In females, lymphocytes constitute 5.8% of the nucleated cells at 4 days, 17.6% at 20 days and 15.3% at 35 days, respectively (Fig. 6 ). After 35 days they remain almost constant in percentage (14.9-16.6%).
Thus, the proportion of marrow lymphocytes increases equally in both sexes early in life until 20-35 days. Thereafter, however, the difference becomes apparent in proportion of lymphocytes between the two sexes. The proportion of lymphocytes decreases until 60 days and then remains at a relatively low level in males, whereas in females the percentage of lymphocytes remains almost unchanged until one year. Thus, from 60 days to one year the proportion of lymphocytes is significantly higher Erythroid cells account for the majority of marrow cells during early life in both sexes, but then show a progressive decrease with age. In both sexes from 35 days to one year, granuloid cells are higher in proportion than erythroid cells. Megakaryocytes comprise only 0.2-0.7% of the marrow nucleated cells at each age. Plasma cells are present in very small numbers in the marrow, but they appear to increase slightly with advancing age.
Proportions of dark and light lymphocytes
The proportions of dark and light small lymphocytes in both sexes at various ages are shown in Figures 8 and 9 .
In males, as seen in Figure 8 , dark small lymphocytes constitute more than 90% of marrow small lymphocytes during early life until 35 days. After 35 days, however, they decrease rapidly until 60 days when they make up 32.9% of the small lymphocyte population in the marrow. Thereafter dark small lymphocytes remain almost steady in proportion.
On the other hand, light small lymphocytes are relatively few in early life, but they increase gradually with age. From 35 days to one year, they form a greater proportion (55.3 to 78.1%) of the marrow small lymphocytes.
In females, as presented in Figure 9 , the majority of marrow small lymphocytes are dark small lymphocytes in early life until 35 days. Then dark small lymphocytes decrease progressively.
After 60 days, however, the decrease of dark small lymphocytes is not so marked in females as in males. Even at one year dark small lymphocytes account for 35.6% of the total small lymphocytes. On the other hand, light small lymphocytes undergo a gradual increase with age. In females older than 150 days, they are more than half of the total marrow small lymphocytes.
Larger lymphocytes increase in early life, but they decrease gradually after 20-35 days. In adults older than 60 days, the average proportion of larger lymphocytes is about 0.2%.
Discussion
In the bone marrow, it may be not always easy to identify lymphocytes with certainty under the light microscope. However, electron microscopy permits one to differentiate lymphocytes readily from the other hemopoietic cells. The proportion of marrow lymphocytes thus observed is low in both sexes in early life, but then increases rapidly until puberty is attained at about 35 days. After puberty, marrow lymphocytes are different in proportion between the two sexes. In males, the proportion of marrow lymphocytes shows a decline after 35 days, and then, from 60 days to one year, it remains less than half of the maximum value which has been attained at 35 days. In females, on the other hand, marrow lymphocytes remain almost unchanged after reaching maximum at 20-35 days. Thus, the proportion of marrow lymphocytes shows significant sex difference in adult mice older than 60 days. Since the sex difference in proportion of marrow lymphocytes becomes apparent after puberty, it is likely that the difference is due to the gonadal development.
Postnatal changes in immune functions have been suggested to occur depending on age and sex (ROWLEY et al., 1968; MICKLEM et al., 1973; WALFORD, 1974) . However, little information is available on the morphologic changes of the immune system. As is generally known, the thymus undergoes involution after puberty. In the mouse, age involution of the thymus is more striking in males than in females HOSHINO, 1961, 1963; SCHERZER et al., 1963) . The sex difference in proportion of marrow lymphocytes appears similar in pattern to that in age involution of the thymus. It has previously been confirmed that the sex difference in the thymus involution is caused by the existence of the testis but not by that of the ovary (ITO and HOSHINO, 1963) . At any rate, it is of interest that the marrow lymphocyte population which can be regarded as representing the primary immune elements, exhibits, like the thymus, primary or central lymphatic organ, significant sex differences. The cause of sex differences in marrow lymphocytes will be dealt with in a separate paper (SASAKI and ITO, in preparation) .
Recently small lymphocytes in lymphatic tissues including the bone marrow have been classified by electron microscopy into two forms, dark and light (ABE et al., 1973; PEREIRA, 1974) . As seen in the present results, marrow small lymphocytes which constitute about 97% of all the marrow lymphocytes are also classified into dark and light forms. The proportions of the two types of small lymphocytes show age-related changes. In early life until puberty, dark small lymphocytes form a vast majority of the marrow small lymphocytes, while light small lymphocytes are very few, in both sexes. After puberty, as the sex difference in proportion of lymphocytes becomes apparent, dark small lymphocytes decrease and light ones increase with advancing age. The decrease of dark small lymphocytes proceeds more markedly in males than in females. The selective decrease of dark small lymphocytes seems to cause the decrease of marrow lymphocytes in males.
At present it is generally accepted that there are at least two populations of lymphocytes, thymus-derived (T) lymphocytes and bone marrow-derived (B) lymphocytes, which differ in immune function, life span, circulatory pathways and distribution patterns (review: GREAVES et al., 1973) . Lymphocytes of the two lines can generally be distinguished by their specific surface characteristics such as surface antigens or receptors. The proportion and distribution of the two populations of lymphocytes have been reported in peripheral lymphatic tissues (RAFF, 1971; STUTMAN, 1972; GOLDSCHNEIDER and MCGREGOR, 1973; ROSSE, 1976 ROSSE, 1976 ). In the marrow, the population size of T-lymphocytes is small (GOLDSCHNEIDER and MCGREGOR, 1973; BALCH and FELDMAN, 1974; RYSER and VASSALLI, 1974) , and small lymphocytes with B-lymphocyte characteristics form a substantial population, although surface antigenic markers are not detectable when B-lymphocytes have been newly formed (OSMOND and NOSSAL, 1974 a, b; RYSER and VASSALLI, 1974) . Null lymphocytes devoid of definite surface markers also appear as small lymphocytes, and they are regarded as belonging to the most immature form (GOLDSCHNEIDER and MCGREGOR, 1973; OSMOND and NOSSAL, 1974 a, b) .
It remains to be determined to which population each of the two types of small lymphocytes, dark and light, confirmed by electron microscopy would correspond. Dark small lymphocytes in the marrow are ultrastructurally similar to thymic cortical small lymphocytes (ABE and ITO, 1970; ABE et al., 1973) . Thus it seems likely that dark small lymphocytes in the marrow may, like thymic cortical small lymphocytes, be short-lived in nature and that they may be included into newly formed immature lymphocytes. It has been reported that immature small lymphocytes lacking surface characteristics in the marrow constitute about half of the entire population of marrow lymphocytes (GOLDSCHNEIDER and MCGREGOR, 1973; OSMOND and NOSSAL, 1974 a, b) . In adult mice, as shown in the results, dark small lymphocytes occupy almost half of all the marrow lymphocytes.
Thus dark small lymphocytes in the adult marrow appear to be almost similar in proportion to immature small lymphocytes. Light small lymphocytes in the marrow morphologically resemble thymic medullary small lymphocytes, which are thought to differentiate into T-lymphocytes (ABE and ITO 1970) . Thus, they may be included in T-lymphocytes. However, it has been known that T-lymphocytes contained in the marrow are very few during the entire life (GOLDSCHNEIDER and MCGREGOR, 1973; BALCH and FELDMAN, 1974; RYSER and VASSALLI, 1974) . Therefore all the light lymphocytes in the marrow would not be T-lymphocytes. Recently it has been demonstrated that the marrow contains not only long-lived T cells but also long-lived B cells and that the latter forms increase with advancing age (MILLER and OSMOND, 1975) . It is possible, therefore, that light small lymphocytes may represent long-lived B-lymphocytes as well as T-lymphocytes and that they may be more differentiated than dark lymphocytes as known in the case of the thymus.
In the bone marrow, the existence of a pluripotent hemopoietic stem cell has recently been confirmed (reviews: YOFFEY, 1973; ROSSE, 1976) . The stem cells have not yet been morphologically identified, but they are generally considered to be very similar in appearance to marrow lymphocytes. Stem cells in the marrow have been estimated to constitute only about 0.1% of the nucleated cells (DICKS et al., 1973) . Therefore, even if stem cells in the marrow are included in lymphocytes, they would be only a very small fraction of the total lymphocyte population, and age-related changes in proportion of marrow lymphocytes would not essentially be affected by the content of stem cells. In addition to small lymphocytes, the marrow also contains larger lymphocytes, referred to as transitional cells, which have been thought to be progenitors of small lymphocytes (OSMOND and EVERETT, 1964; OSMOND, 1967; YOFFEY and COURTICE, 1970; ROSSE, 1973; YOFFEY, 1974 (SABIN et al., 1936; BURKE and HARRIS, 1959; FAND and GORDON, 1957; HARRIS and BURKE, 1957; HUDSON et al., 1963; MILLER and OSMOND, 1974; BJORKHOLM and ERNSTROM, 1975; WICKRAMASINGHE, 1975 
